Epithelial to mesenchymal transition (EMT) contributes to metastases in various types of tumors, and is also the key step in the breast cancer metastatic cascade. In our previous study, a mouse model containing humanderived normal breast tissue was established and allowed EMT/MET process of human breast cancer cells to be mimicked in a humanized mammary microenvironment.
Background
According to the American Cancer Society, approximately 231 840 new cases of invasive breast cancer and 40 290 breast cancer deaths occurred among US women in 2015. Breast cancer is the second leading cause of cancer-related deaths in women [1] . The improvements in early diagnosis, surgical techniques, and adjuvant therapies have progressively decreased the mortality of breast cancer in the past 2 decades [2] . However, metastatic breast cancer is still incurable and fatal. Breast cancer metastasis is a multistep process associated with cellular motility, basement membrane degradation, epithelial to mesenchymal transition (EMT), and circulating and disseminating tumor cells [3, 4] . EMT was first identified in embryonic development [5] , and it participates in most cancer metastatic cascades. After EMT, tumor cells subsequently acquire invasiveness, penetrate to the basement membrane, gain access to the blood or lymphatic vascular systems, reach distant secondary sites, and eventually form macroscopic tumors [6] [7] [8] .
Although transplantation models of breast cancer cells provide important mechanistic insights into the metastatic cascade, these models are limited by potential species incompatibilities in growth factor signaling pathways, which obscure the processes that are active in patients [9] . In terms of the primary lesion in transplantation models, the tumor cells are not in the same phase as in the EMT process. The transient nature of EMT adds to the complexity of the results and their interpretation. As one of the key components of tumor metastasis, EMT of tumor cells is intimately linked with the tumor microenvironment. Simulation of the special tumor microenvironment is therefore the central premise of EMT research.
A mouse model containing human-derived normal breast tissue was established in our previous study, which allowed human breast cancer cells to proliferate in the human mammary microenvironment and to finally metastasize to distant human tissues [10, 11] . The initial microenvironment significantly influences the behavior of cancer cells. Homogeneous cells avoid interference by other cell types, and instead highlight changes in cells initiated by the microenvironment. MDA-MB-231br was obtained from the invasive front of a tumor in transplanted normal human breast tissue, and metastasized preferentially to human tissues when proliferating in the normal human mammary microenvironment [10] . Importantly, the invasive MDA-MB-231br cells participate in the EMT process. In a primary culture, MDA-MB-231br displayed EMT-like changes and was more invasive compared to parent MDA-MB-231 cells.
Ezrin, a member of the ezrin-radixin-moesin (ERM) family, acts as a crosslinker between membranes and the actin cytoskeleton. Ezrin also regulates a variety of cellular activities, such as actin cytoskeleton regulation, cellular morphology, cellular adherence, and modulation of intracellular signaling pathways [12] [13] [14] . It is expressed in most normal and cancer tissues, and is expressed at significantly higher levels in cancers of mesenchymal origin (sarcomas) [15, 16] . The expression of cytoplasmic ezrin incrementally increases during the development of benign lesions into malignant breast tumors [17, 18] . Although substantial evidence has linked ezrin to metastatic behavior in breast cancer, it is still unknown whether EMT is involved. Cortactin, a protein widespread in cellular locomotive organs (e.g., lamellipodia and invasive pseudopodia), regulates branched actin assembly, cell-cell adhesion, membrane trafficking, and ECM degradation [19] . It is able to promote tumor invasion and metastasis in several types of tumors [20] [21] [22] . However, details of ezrin-cortactin regulation, especially their potential function in EMT of breast cancer, have not yet been revealed.
Bioinformatic analysis suggests that ezrin and cortactin may be closely related to EMT. Both ezrin and cortactin are closely related to cell mobility, an important factor in the EMT process. Recent research has explored the regulatory effects of ezrin on EMT in cervical cancer and lung cancer [23, 24] . The interaction between ezrin and cortactin might promote cancer cell metastasis [25] . The present work aimed to delineate the functional role and regulation of ezrin and cortactin during EMT of breast cancer. The interactive mechanisms between these 2 proteins were also investigated.
Material and Methods

Cell lines and culture
Human breast cancer cell lines (MDA-MB-231, MCF-7, and ZR-75-1) were purchased from ATCC (Manassas, VA, USA) and cultured in high-glucose Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 1% penicillin, and 1% streptomycin. The cell line SUM1315 was kindly provided by Stephen Ethier (University of Michigan). The MDA-MB-231br cell line was established in a previous study [10] . All cells were incubated at 37°C in a humidified chamber supplemented with 5% CO 2 .
Two-dimensional electrophoresis (2-DE) and mass spectrometry
Two-dimensional electrophoresis analysis and protein identification by matrix-assisted laser desorption/ionization-time of flight (MALDI-TOF/TOF) mass spectrometry was performed as described previously [26] . Additional materials and methodologies are described in detail in the supporting materials and methods.
Plasmid construction and lentivirus packaging
Vectors for EZR (ezrin) knockdown (shEZR) or negative controls (NC) were cloned in PGLV3-h1-GFP-puro. Vectors for EZR overexpression or encoding a scrambled sequence (SCR) (GenePharma, Shanghai, China) were similarly cloned in pGLV5-h1-GFP-puro. All vectors were transfected into lentivirus packaging cells. Four shRNA plasmids were constructed against different EZR targets, including a negative control sequence. sh1: 5'-GGAGTGAAATCAGGAACATCT-3' sh2: 5'-GGACCCACAATGACATCATCC-3' sh3: 5'-GCAACCATGAGTTGTATATGC-3' sh4: 5'-GCAATGAGGAGAAGCGCATCA-3' NC: 5'-TTCTCCGAACGTGTCACGT-3' All plasmids were verified by sequencing (GenePharma, Shanghai, China). Retrovirus packaging and infection was conducted according to the manufacturer's instructions. Stable pooled populations of breast cancer cells were selected in puromycin (3 μg/ml) containing medium for 2 weeks. For knockdown analysis, 2 constructs (sh1 and sh2) with ³80% knockdown efficiency were used for further studies.
siRNA design and transfection
The siRNA (5'-GCUGAGGGAGAAUGUCUUUTT-3') used for downregulation of cortactin as well as the negative control siRNA (5'-UUCUCCGAACGUGUCACGUdTdT-3') were obtained from GenePharma, Shanghai, China. Transient transfection of the siRNA was performed using Lipofectamine 2000 according to the manufacturer's instructions.
Western blot analysis
Cells were harvested using the total protein extraction kit (KeyGEN BioTECH, Nanjing, China). Samples were incubated for 0.5 h on ice with agitation and then centrifuged at 14 000×g for 15 min. Protein concentrations were determined using the bicinchoninic acid (BCA) protein assay kit (Pierce). Protein samples were subjected to electrophoresis on SDS-polyacrylamide gradient gels, transferred to a PVDF membrane, and blocked in 5% non-fat milk in TBST (phosphorylated proteins were blocked in 5% BSA in TBST) for 2 h at room temperature. Blots were incubated with primary antibodies to the following proteins: ezrin (Abcam), cortactin (Abcam), E-cadherin (CST), a-SMA (Abcam), Slug (CST), Snail (Abcam), Twist (Abcam), Twist2 (Abcam), phosphorylated ezrin at Y-567 (CST), and GAPDH (Beyotime). GAPDH was used on the same membrane as a loading control. The signal was detected after incubation with anti-rabbit or anti-mouse IgG secondary antibody (Bioworld) coupled to peroxidase, using ECL (Millipore). Protein expression levels were evaluated by densitometric analysis.
Real-time reverse transcription PCR analysis
Total RNA was extracted using Trizol total RNA isolation reagent (TaKaRa), and cDNA was synthesized using PrimeScript RT Reagent (TaKaRa) according to the manufacturer's instructions. Specific primers from Invitrogen (Shanghai, China) were used for transcript detection. All PCR reactions were performed with SYBR Green I (Roche) for detection. Real-time quantitative PCR was performed on StepOne Plus Real-Time PCR system (Applied Biosystems, USA). The following PCR primers were used: ezrin forward, 5'-ACCAATCAATGTCCGATTACC-3' ezrin reverse, 5'-GCCGATAGTCTTTACCACCTGA-3' GAPDH forward, 5'-GCTGCGAAGTGGAAACCATC-3' GAPDH reverse, 5'-CCTCCTTCTGCACACATTTGAA-3'
The average of 3 independent analyses for each gene and sample was calculated and normalized to the endogenous reference control gene GAPDH.
Matrigel invasion assay and migration assay
Matrigel was purchased from BD Biosciences and stored at -20°C. After thawing at 4°C overnight, the Matrigel was diluted in serum-free DMEM. For carrying out the invasion assay, 50 µl of the suspension was evenly inoculated onto the upper chamber of a Transwell membrane (8 μm pore size) and allowed to form a gel at 37°C. Cells (5×10 4 ) were overlaid with 200 μl of serum-free DMEM on Matrigel-coated Transwell membranes with 0.5 ml of complete medium in the lower chamber. After incubating for 48 h at 37°C in a humidified atmosphere of 5% CO 2 , the cells were fixed and stained with 0.1% crystal violet solution for 20 min, and the chamber was washed 3 times with phosphate-buffered saline (PBS). Non-invading cells on the top of the membrane were removed using cotton wool. Invading cells were counted under a microscope. In each Matrigel invasion experiment, 3 independent replicates were performed.
To carry out the migration assay, cells (3×10 4 ) were overlaid with 200 μl serum-free DMEM on Transwell membranes without Matrigel-coating, and incubated for 16 h. The remainder of this assay was performed as described in the invasion assay.
Growth curve by CCK8 assay
Cells (2×10 3 ) were grown in microtiter plates in a final volume of 100 μl of complete medium per well, at 37°C and 5% CO 2 . The growth curve was carried out over a period of 6 days. After the incubation period, 10 μl of the CCK8 (Dojindo) labeling reagent (0.5 mg/ml) was added to each well. The cells were subsequently analyzed by enzyme-labeled meter (Tecan) to measure their absorption at 450 nm. Each treatment was performed in triplicate. ) were plated in a 6-well plate in complete medium. After incubation for 10-14 days, when the colonies were visible by eye, the culture was terminated by removing the medium and washing the cells twice with PBS. The colonies were fixed with 95% ethanol for 100 s, then dried and stained with 0.1% crystal violet solution for 10 min, and washed with PBS. Images were obtained and the number of colonies containing more than 50 cells was counted. Each treatment was performed in triplicate.
Tissue microarray (TMA) and immunohistochemistry (IHC)
TMAs were purchased from BioMax (USA). Sections were arranged in duplicate cores per case. TMAs were treated with xylene, then 100% ethanol, and then decreasing concentrations of ethanol. After antigen retrieval, they were blocked and stained with antibodies against ezrin or cortactin, followed by secondary antibody incubation and the standard avidin biotinylated peroxidase complex method. Hematoxylin was used for counterstaining and images were taken with an upright microscope Nikon system (Nikon, JAPAN).
A modified Histo-score was used to perform IHC scoring, which was assessed by both intensity of staining and percentage of positive area. The extent of the positive area was scored on a scale of 0-4 as follows: 0, 0%; 1, 1-10%; 2, 11-50%; 3, 51-80%; and 4, >80%. The final staining score from 0-12 for ezrin and cortactin was the product of the staining intensity and positive area scores. A score of 0-7 indicated low expression and between 8-12 indicated high expression in ezrin. In cortactin, scores of 0-3, 4-7, and 8-12 were considered indicative of low, moderate, and high expression, respectively.
Co-immunoprecipitation (Co-IP)
Extract from 1×10 7 cells was obtained. The protein was immunoprecipitated using anti-ezrin or rabbit IgG control according to the manufacturer's instructions, and then subjected to immunoblotting.
Statistical analysis
Statistical significance between and within groups in the Transwell and proliferation assays was assessed by t test or one-way ANOVA, using SPSS 20.0. Statistical significance of differences between ezrin expression and other indexes in the TMA was determined by a non-parametric test, chi-square test, or Fisher exact test. For all tests, results at p values <0.05 were taken to represent a statistically significant difference.
Results
MDA-MB-231br has a strong EMT-like process, including invasion and migration
A Transwell assay was performed to measure the invasive and migratory ability of MDA-MB-231 and MDA-MB-231br cells. MDA-MB-231br cells had a significantly increased ability to migrate and invade compared to that of MDA-MB-231 cells ( Figure 1A ). Western blot analysis indicated that the level of E-cadherin expression was decreased in MDA-MB-231br compared to MDA-MB-231, while the expression pattern of vimentin was the inverse ( Figure 1B) . Table 1) . From these proteins, ezrin, cortactin, hsp27, lasp2, and annexin II were selected ( Figure 1C ) for validation by Western blot ( Figure 1B) . In MDA-MB-231, the level of ezrin expression decreased and cortactin expression increased compared to that in MDA-MB-231br ( Figure 1B, 1C) . However, the phosphorylation of ezrin at position Y-567 increased in MDA-MB-231br compared to that in MDA-MB-231 ( Figure 1B) .
Knockdown of ezrin changes cellular morphology, and membranous marker and EMT indicator expression
MDA-MB-231 and SUM1315 breast cancer cells, which have high invasive potential and highly-expressed ezrin, were used for the next study. Knockdown efficiency of ezrin was confirmed by real-time PCR and immunoblotting ( Figure 2A ). The phosphorylation of ezrin at position Y-567 was also decreased in ezrin knockdown cells (Figure 2A) . Alternatively, MCF-7 and ZR-75-1 breast cancer cells, which rarely metastasize [27] , were transfected with an ezrin overexpression vector. In the cells overexpressing ezrin, marked upregulation of ezrin was confirmed by real-time PCR and immunoblotting ( Figure 2B ).
The expression levels of an epithelial marker (E-cadherin) and a mesenchymal marker (a-SMA) were examined by immunoblotting. The expression level of E-cadherin was significantly increased, whereas that of a-SMA was decreased in ezrinknockdown cells compared to that in control cells ( Figure 2C ). In MCF-7 and ZR-75-1 cell lines, overexpressing ezrin had no effect on the expression of E-cadherin and a-SMA ( Figure 2D ). The expression levels of Slug, Snail, Twist, and Twist2, which are key transcription factors that promote EMT, were also determined by immunoblotting. Significantly reduced expression 1586 of Snail, Twist, and Twist2 was observed in ezrin-knockdown cells compared with that in the control cells ( Figure 2C ).
Ezrin knockdown reduced the migration and invasion of breast cancer cells
Ezrin knockdown in MDA-MB-231 cells changed the cell morphology remarkably ( Figure 3A) . MDA-MB-231 cells are widely accepted as having a mesenchymal phenotype, while ezrinknockdown cells presented an epithelial phenotype ( Figure  3A) . However, the shape of SUM1315 after ezrin knockdown did not visibly change ( Figure 3B ). Increased motility and invasion of breast cancer cells are key steps in the EMT process. Ezrin knockdown was associated with significantly reduced migratory and invasive ability in MDA-MB-231 and SUM1315 cells ( Figure 3C, 3D) .
In general, cells with high invasive ability had enhanced ability for proliferation. However, the CCK8 assay and colony formation assay suggested that decreased expression of ezrin in breast cancer cells had no effect on cell proliferation ( Figure 4A, 4B) .
Ezrin is positively correlated with cortactin in breast cancer
The expression of cortactin decreased with the reduction of ezrin expression ( Figure 5A ). Co-IP analysis suggested a connection between the expression of ezrin and cortactin in SUM1315 cells ( Figure 5B ), but not in MDA-MB-231 cells (data not shown). The expression of cortactin was knocked down and confirmed by immunoblotting ( Figure 5C ). In cortactin-knockdown cells, the expression of ezrin and p-ezrin did not change obviously.
In cortactin-knockdown cells, the level of E-cadherin expression was significantly increased, whereas that of a-SMA was decreased ( Figure 5C ).
In clinical breast cancer tissues, a significant positive association was observed between ezrin and cortactin expression (Table1, Figure 5D ).
Discussion
In this study, evidence for MDA-MB-231br undergoing an EMTlike process included increased spindle morphology, stronger invasive ability, and decreased expression of E-cadherin. Eightyone differentially expressed proteins were identified following proteomic analysis comparing MDA-MB-231br and MDA-MB-231 cells. Along with protein-level changes in expression of a group of classic EMT markers, ezrin and cortactin were significantly regulated. The changes observed in these cells may be attributed to a response to an EMT-inducing microenvironmental signal. We hypothesized that these proteins included novel protein signatures of EMT, and demonstrated the function of ezrin and cortactin in breast cancer. In MDA-MB-231br cells with an EMT-like phenotype, the expression of ezrin decreased, whereas the phosphorylation of ezrin at position Y-567 changed in the opposite way. Ezrin and phosphorylated ezrin were decreased synchronously, and cell morphology varied from spindle to oval. Reduced ezrin expression reversed the EMT process through changes in the expression of EMT markers and downregulation of transcription factors. Conversely, overexpression of ezrin had no obvious effect on the EMT process. This implies that ezrin-knockdown could reverse the EMT cascade, which might affect its phosphorylation state. The phosphorylation state of ezrin might be more important than its expression level. The role of ezrin expression in metastasis has been demonstrated in animal models, while no change has been observed in primary tumor growth rate [17] . The expression level of ezrin is significantly higher in lymphatic metastases than in primary breast cancer tissues [28] . Cytoplasmic ezrin is regarded as a single characteristic marker in breast cancer [29] . The phosphorylation of ezrin at position Y-567 disrupts its amino-and carboxyl-terminal associations, and thus plays a key role in modulating the conformation and function of ERM proteins [30] It is reported that the phosphorylation of ezrin regulates invasion and metastasis of breast cancer cells [31] .
In the present study, increased expression of cortactin was observed in MDA-MB-231br cells with increased expression of phosphorylated ezrin. Conversely, decreased phosphorylation of ezrin reduced the expression of cortactin. Cortactin knockdown had no effect on the expression of ezrin and its phosphorylation. Ezrin also acts as a membrane-cytoskeleton crosslinker, which can affect structural modifications under the
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Relative CCK8 absorbance control of several upstream or downstream regulators. Paladin and S100P are known to form large protein complexes with ezrin [32, 33] , and cortactin is thought to cooperate with ezrin in tumor progression [25] . Cortactin, which is localized to cortical actin structures, not only plays a crucial role as a regulator of actin cytoskeletal dynamics, but also acts as a key player in aggressive cancers [31] . Our results elucidate the interaction between ezrin and cortactin. The association between ezrin and cortactin was explored in SUM1315 cells. There was no observed co-precipitation between ezrin and cortactin in the MDA-MB-231 cell line, which might be because ezrin expression was not high enough to show this change in these cells. The positive correlation between these 2 proteins was demonstrated in the breast cancer tissue microarray.
Conclusions
In summary, ezrin, based mainly on its phosphorylation state, appears to interact with cortactin to promote the EMT process in breast cancer. Ezrin and cortactin may therefore be potential therapeutic targets and prognostic indicators of breast cancer.
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